ABSTRACT: Aridland rivers can present several logistical challenges for invertebrate sampling due to shifting substrate and low invertebrate densities. We compared 4 sampling methods for collecting both meiofauna and macroinvertebrates in an aridland river (Rio Grande, New Mexico): a water column sampling method, an epibenthic core, a throwtrap, and a stovepipe sampling method. The objective of this study was to find the most efficient combination of sampling methods with which to collect the entire assemblage. Differences were tested among sampling methods in terms of abundance, taxonomic richness, assemblage composition, and invertebrate body size. No single sampling method was able to provide accurate estimates of both abundance and taxonomic richness across the range of body sizes of taxa collected in this study. Invertebrates were concentrated in the epibenthos, and thus using the water column sampling method was not necessary. Samples from the epibenthic core and stovepipe sampling methods contained relatively high densities of small-bodied meiofauna, while throwtrap samples included both meiofauna and macroinvertebrates. Throwtrap and epibenthic core sampling methods together provided the most accurate estimates of taxonomic richness, density, abundance, and invertebrate assemblage composition, and were processed relatively efficiently in the laboratory. Sampling methods that performed well in the Rio Grande are likely to work well in other higher-order (> 4) rivers with shifting substrates.
INTRODUCTION
Aridland rivers have been poorly surveyed for invertebrate fauna, partly because sand and silt are difficult to sample quantitatively and are thought to be characterized by low densities of macroinvertebrates (Humphries et al. 1998 ). However, information about benthic macroinvertebrate communities is important in order to understand ecological processes such as food web dynamics, turnover rates and water quality in these systems. Arid lands cover roughly 40% of the earth's surface, and aridland river systems are particularly sensitive to land use and climate changes (Tooth 2000) , making their study paramount in understanding and conserving global biodiversity.
Some parts of aridland rivers can have high densities of invertebrate fauna (Pease et al. 2006) . In par-ticular, slow-flowing habitats (such as isolated pools, backwaters and side channels) can have relatively high abundances of potential prey items for small fishes (Thorp et al. 1994) , including benthic microcrustacea, rotifers, and early instar insect larvae (Humphries et al. 1999) . Furthermore, small invertebrate organisms (meiofauna, 40 to 500 µm; Palmer et al. 2006) are an important part of the aquatic invertebrate assemblage that can easily be overlooked. Meiofauna often dominate benthic invertebrate as semblages and play important roles in assemblage and ecosystem processes (Palmer et al. 2006) , such as providing a food source for larval fishes (King 2004a,b) . However, meiofauna are not sampled effectively using traditional sampling methods that focus on the water column (King 2004b) .
Other researchers have evaluated the performance and statistical properties of different invertebrate sampling methods, and have concluded that multiple and complementary methods are the most effective way to collect inclusive and representative samples (e.g. Cheal et al. 1993 , Turner & Trexler 1997 . Different sampling methods can have advantages for particular habitats and types of invertebrates (e.g. size, mobility), but can also have consistent biases when the goal is to document the entire assemblage of invertebrates over broad spatial scales (Turner & Trexler 1997) . Importantly, the practicalities of sample collection in the field need to be balanced with the efficacy of processing in the laboratory (Feeley et al. 2012) .
The Rio Grande in central New Mexico is a large, evulsive river with a sand and silt substrate, and sampling for aquatic invertebrate fauna has rarely been reported here (Pease et al. 2006 , Valdez & Beck 2007 , Kennedy 2009 , Bixby & Burdett 2011 . This study of sampling method efficiency was conducted as part of a larger study to understand the aquatic food web in the Rio Grande. Four sampling methods were used in parallel to capture invertebrate fauna from specific portions of the whole assemblage. Differences in invertebrate density, taxonomic richness, and assemblage structure were evaluated to determine the performance and bias of each sampling method type, and to recognize overlap among sampling methods. We aimed to select complementary sampling methods that would most accurately represent the whole assemblage. We explicitly tested the null hypothesis that a single sampling method could accurately collect the entire aquatic invertebrate assemblage in slow-flowing habitats of the Rio Grande.
MATERIALS AND METHODS
Invertebrate assemblages were sampled from June to August 2008 from 5 study locations on the Rio Grande in central New Mexico (Table 1) . New Mexico is located in the arid southwestern United States of America. Average annual rainfall in the region is about 23 cm, but inter-annual variation is very high (Weiss et al. 2004) .
Cobble and gravel dominated the substrate at the site farthest upstream (Angostura), whereas silt and sand were predominant at 4 downstream sites (Albuquerque, Los Lunas, Sevilleta and Bosque del Apache). Turbidity generally increased downstream from Angostura (range: 20.3 to 66.7 NTU) to Bosque del Apache (range: 1196 to 5176 NTU), largely because of inputs from ephemeral tributaries with silt substrates.
Sites were sampled at 2 wk intervals throughout the summer to incorporate temporal changes in the invertebrate assemblage as part of an ongoing survey at Bosque del Apache. At the other locations, sampling was conducted once during the summer. By sampling at different locations and times, the sampling methods were used for a variety of invertebrate taxa at different life stages and across a range of physical situations (e.g. water depth, substrate composition; Table 1 ).
At each location and sampling event, samples were collected from 3 sites within slow-flowing areas. Sites were not selected in the main channel, but were limited to isolated pools, backwaters, and side channels (total = 24 collections). Another study in the Rio Grande has demonstrated that the invertebrate assemblage is concentrated in slower, edge habitats (Bixby & Burdett 2011) .
Four sampling methods were used for collecting both meiofauna and macroinvertebrates (Table 2) : a water column sampling method, an epibenthic core, a throwtrap, and a stovepipe sampling method. One sample was collected with each sampling method at each site.
To initiate sampling, the throwtrap and stovepipe samplers were quickly placed into the water and pushed into the top layer of sediment, immediately adjacent to one another (~50 cm apart). Water depth was recorded to calculate sample volume. The 4 sampling methods (Table 2) were then used sequentially.
(1) Within the throwtrap, the water column sampler was opened and submerged in the water column. The cap was closed, the sampler was lifted out of the water and the contents were poured through a fine-mesh sieve. The water column sampling method was only effective in deeper water (> 20 cm) and was limited to 9 samples in this study. (2) Epibenthic core samples were taken from each quadrant of the throwtrap (n = 4 for each sample) by inserting the core into the sediment (1 cm). A spatula was used to lift the sample out of the throwtrap and into the sieve. Core sampling methods can be useful in sandy substrates because they efficiently sample a uniform area and depth (Gillespie et al. 1985) . (3) For the throwtrap sample, a dipnet (500 µm mesh) was used to clear the throwtrap of macroinvertebrates. After each sweep, the contents of the dipnet were emptied into the sieve. A minimum of 3 sweeps were performed within the throwtrap, and sweeps were performed until a thorough visual search yielded no further macroinvertebrates. (4) A hand-operated bilge pump was used to empty the stovepipe sampler. The entire water column and the top layer of sediment were pumped out of the stovepipe sampler and into the sieve.
All contents of the sieve were preserved in the field (70% ethanol) and returned to the laboratory for further processing. The same sieve (47 µm) was used for all samples, but washed in between each sample collection to avoid cross-contamination.
In the laboratory, invertebrates were sorted under a stereoscopic microscope. No subsampling was conducted. Invertebrates were identified to Recognizable Taxonomic Units (Oliver & Beattie 1993) . Identification was limited by age of organisms, taxonomic expertise or damage to specimens during collection (in particular, the stovepipe sampler was quite damaging to specimens). Later, specimens were grouped for statistical analyses to reduce bias caused by uneven levels of identification among the samplers. Invertebrates were grouped either to the family level (insect taxa) or to the order level (non-insect arthropods) (Merritt & Cummins 1995 , Smith 2001 .
Statistical analyses
) and taxonomic richness (no. taxa sample −1 ) were calculated for each sample. Density data were log transformed and 1-way ANOVA was performed to test for differences in density and richness among sampling methods, sample location and sample event (SPSS for Windows v.6.0). Density data was log transformed prior to analysis. All sampling that occurred in August was considered as one 'sample event', and all sampling that occurred at Bosque del Apache throughout the summer was considered as one 'location'. Density data were plotted against taxonomic richness for each sampling method, then Pearson's correlation coefficient was calculated across sampling methods.
Assemblage structure was compared among each of the sampling methods to determine if sampling methods were collecting different parts of the assemblage more effectively (PRIMER v.6 for Windows, Primer-E). Three samples were excluded from multivariate analyses because they contained no individuals: epibenthic samples collected at Bernardo and Los Lunas, and a stovepipe sample collected at Albuquerque. ANOSIM was used to determine whether densities and assemblage structure differed significantly among sampling methods (Clarke 1993) .
Invertebrate taxa were grouped into classes based on size and mobility (see Table 3 ) to test among sampling methods for potential bias in collecting fauna of different body sizes. Class I was defined as meiofauna, including small bodied organisms such as microcrustacea (0.25 mm maximum body length). Class II invertebrates included most of the insect larvae and annelids, which are primarily benthic, are of similar size (~0.25 to 5 mm) and have similar means of locomotion. Class III was defined as macrofauna, which were generally highly mobile adult insects (e.g. Corixidae) but also included other large-bodied invertebrate larvae (> 5 mm). Density data of the 3 classes were log transformed and then analyzed using a 1-way ANOVA testing for differences among sampling methods.
RESULTS
Across the 4 sampling methods, 81 samples were processed that contained 45 taxa (Table 3) . Nine samples were processed from the water column sampler and 24 samples were processed from each of the remaining 3 samplers (epibenthic, throwtrap, stove pipe).
The number of invertebrates collected ranged from 0 to 1365 ind. sample −1 Despite considerable variation within the sampling methods themselves, invertebrate density and taxonomic richness differed significantly among sampling methods (Table 4 , Fig. 1 ). Throwtrap samples had the lowest densities but the greatest taxonomic richness of any method, whereas epibenthic samples had relatively high densities but low taxonomic richness. Taxonomic richness was lowest in water column samples compared to the other sampling methods. There was also significant spatial and temporal variability identified in invertebrate density and richness. Density and taxonomic richness tended to be greater at Bosque del Apache than other locations; therefore, density and richness were generally greater during the earlier sampling events when the other locations were not included.
Due to different water depths at each sample site, sample volume varied in the throwtrap (41.98 ± 5.51 l) and the stovepipe sampling methods (3.13 ± 0.41 l). However, there was no correlation between sample volume and invertebrate abundance across the 4 different sampling methods (Pearson correlation, r = 0.187, p = 0.094). Often, higher abundances were as sociated with shallow water during drying conditions in the river that concentrated invertebrate populations into smaller areas.
Invertebrate assemblage structure differed significantly among sampling methods despite high levels of variability (ANOSIM: Global R = 0.121, p < 0.001) ( Table 5 ). The differences among groups were modest and had some degree of overlap, but there were significant differences between most of the sampling methods (p < 0.05), with the exception of the comparison between epibenthic and stovepipe methods (p = 0.476) and the comparison of throwtrap and stove pipe methods (p = 0.092). However, all values of R for pairwise ANOSIM comparisons of sampling methods were low (< 0.5), due to a high level of variability in as semblage composition and high abundances of a few key taxa in all sampling methods (e.g. Chironomidae, Cla do cera, Nematoda). Notably, the water column samples usually had very low densities and relatively low taxonomic richness: 6 of the 9 samples contained 5 or fewer individuals and only 10 taxa were collected from all of the water column samples.
Size and mobility classes
The most abundant taxa collected were Nematoda (34.9% of total), Cladocera (16.9%), and Chironomidae (17.2%). These taxa dominated Class I and Class II defined in this study and were generally most abundant in epi benthic samples and least abundant in water column and throwtrap samples (Fig. 2 ). There were significant differences among sampling methods in densities of Class II organisms (F 3, 77 = 8.34, p < 0.001), but not of Class I (F 3, 77 = 2.42, p = 0.073) or of Class III (F 3, 77 = 2.42, p = 0.072). There was a trend for densities of Class I organisms to be greater in epi benthic samples than in samples collected with the other 3 sampling methods, but densities in epibenthic samples were extremely variable.
DISCUSSION
Assemblage composition variability was high, both within and among sampling methods. Some taxa had extremely variable abun dances, and some had surprisingly high abundances. For ex ample, the density of chiro nomids ranged from 0 to ~18 000 ind. m −3 , which is higher than found in surveys of braided rivers in New Zealand where total invertebrate density varied from ~900 to ~5500 ind. m −3 (Gray & Harding 2009 ). High variation among benthic samples is not unexpected: in other surveys of the Middle Rio Grande, the distribution of invertebrate fauna and diatoms was limited by flow velocity and turbidity (Bixby & Burdett 2011 Table 3 . Invertebrate fauna collected from all locations and survey times (all life stages are combined for the sum totals). A total of 45 taxa were identified from 81 samples. Invertebrate fauna was classified by size and relative mobility: Class I: meiofauna (< 0.25 mm), Class II: insect larvae and annelids (0.25 to 5 mm), Class III: macrofauna (> 5 mm)
Similarly, in surveys of the Upper Mississippi (Wisconsin, USA), densities of chiro nomids were more variable among samples within sites (40% of total variance) than among sites within habitats (31%) (Bartsch et al. 1998) . In 2 studies examining spatial hierarchy, variation in benthic invertebrate density was greater among groups of stones within a riffle (53 to 78% of total variance) than among riffles (0 to 28%) in southeastern Australia (Downes et al. 1993 , Robson et al. 2005 Table 4 . Summary of the differences in invertebrate density or taxonomic richness among sampling method, sample event and location. ***p ≤ 0.001; nsd: no significant difference Table 5 . ANOSIM results of invertebrate assemblage structure for each pairwise comparison for the throwtrap, epibenthic, water column, and stovepipe samplers (Global R = 0.121, p < 0.001). **p ≤ 0.01; ***p ≤ 0.001; nsd: no significant difference brate distribution is be yond the scope of this study, other than ensuring that sampling was done under a wide variety of conditions.
Comparison of sampling methods
The stovepipe sampling method did not effectively capture the same richness and density of the aquatic assemblage as the throwtrap and epibenthic sampling methods in combination. Samples collected using the epibenthic core and stovepipe sampling methods had very similar assemblage compositions, suggesting some redundancy of these methods. The epibenthic core collected higher densities of individuals than the stovepipe sampling method, indicating that densities might possibly be underestimated by the stove pipe (particularly of epibenthic meiofauna). The throwtrap collected more species than the stovepipe sampling method, indicating that taxonomic richness may be underestimated by the stovepipe.
Both epibenthic and stovepipe samples had relatively low taxonomic richness compared to throwtrap samples, perhaps as a consequence of differing taxonomic resolution. In general, Class I taxa (meiofauna) were classified at higher taxonomic levels (usually order) than Class III taxa (large insects -usually identified to family). Epibenthic and stovepipe methods were designed to sample the benthos, and therefore captured greater densities of invertebrates that contribute to benthic biomass, especially those taxa as signed to Classes I and II. The epibenthic core samples a relatively small volume or area that could limit its ability to capture Class III taxa (macrofauna); epi benthic cores are useful for sampling less mobile taxa such as chironomids and oligochaetes, but less effective at sampling mobile macroinvertebrates that are able to avoid the sampling mechanism (Cheal et al. 1993) .
The dipnet used within the throwtrap was capable of capturing larger and more mobile taxa that could swim away from other stationary sampling methods (i.e. Class III organisms). However, it appears that throwtrap samples underestimate the density of less mobile taxa (Chironomidae, Ceratopogonidae, Nematoda); this may be at least partly due to the coarser mesh of the throwtrap and dipnet (250 µm) compared to the sieve mesh. Sampling methods capable of catching most taxa have been found to show the greatest discrimination amongst communities (Cheal et al. 1993) ; therefore, using the dipnet to clear out the throwtrap is recommended because of its ability to capture high taxonomic richness (cf. comparable 'sweep' sampling method, Turner & Trexler 1997) .
Practicalities
Several pragmatic advantages of the epibenthic core over the stovepipe sampling method became apparent over the course of the study, both in the field and the laboratory. Although laboratory processing time was not explicitly recorded, clear differences between the 4 sample types were anecdotally reported by research assistants who sorted the samples. (1) Samples were much quicker to collect with the epibenthic core than with the stovepipe sampling method, and effective use of the bilge pump in the stovepipe required considerable experience and skill compared to taking epibenthic cores. (2) Large quantities of sand and silt were often collected in the stovepipe samples, which increased laboratory processing time (c.f. Downing & Cyr 1985) . By contrast, epibenthic core samples were small (6.2 cm 2 core −1 ) and sample processing time in the laboratory was shorter (Merritt et al. 1995) . Time savings can be particularly important if additional samples are collected in order to improve precision. (3) Invertebrate specimens collected by the stovepipe sampling method were occasionally damaged in the bilging process. For example, gills were often lost from mayfly specimens, making it impossible to identify individuals beyond family. Alternative methods that do not damage specimens and limit taxonomic resolution are preferable to using the stovepipe sampling method (e.g. epibenthic core). (4) Water column samples were easy to collect in the field and easy to process in the laboratory, but the water column sampling method could not be used effectively when water was shallow (< 20 cm). Because water column sampling was spatially and temporally patchy, it was difficult to include these samples in statistical analyses. Additionally, the relatively few invertebrate taxa collected by the water column sampling method added little information to the overall assemblage composition. Densities were substantially lower in water column samples than in epibenthic and stovepipe samples, which indicated that the majority of invertebrates were found in the epibenthos.
CONCLUSIONS
The study of invertebrate assemblages in large, aridland rivers is partly limited by lack of knowledge about which sampling techniques most effectively provide quantitative sampling in the field and efficient processing in the laboratory. Our study indicates that there is no single sampling method that samples the whole assemblage, but that using the throwtrap and epibenthic methods in combination most effectively captured the invertebrate assemblage in the Rio Grande. In particular, this combination of samplers gives insight into diversity and abundance patterns of meiofauna that are chronically understudied in large river systems. These methods were relatively easy to use in the field and are likely to be similarly effective in other higher-order aridland rivers with shifting substrate.
